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As the pathogenic effects of a parasite on its hosts can strongly inﬂuence its epidemiology,
we compared the life-histories of dengue virus serotype 2 (DENV-2)-infected and unin-
fected Aedes aegypti females. Unexposed mosquitoes lived longer than exposed ones, but
those infected lived longer than exposed but negative (as assayed by Real-Time quan-
titative Reverse Transcription PCR [qRT-PCR]) mosquitoes. Infected mosquitoes from a
long-established laboratory colony presented more viral RNA copies at death than those
from the F1-generation of a ﬁeld population from Rio de Janeiro. The mortality of infected
colony-mosquitoes was independent of the number of viral RNA copies at death, whereas
in the ﬁeld population, longevity decreased with the number of viral RNA copies, suggest-
ing that F1 of ﬁeld mosquitoes are less tolerant to infection than the laboratory-colony.
Infected females had a lower fecundity than controls. F1 of ﬁeld mosquitoes were more
likely to lay eggs than the colony; egg-laying success was strongly affected by mosquito
age for both mosquito populations: from 49.28 in the ﬁrst clutch to 20.7 in the ﬁfth. Over-
all, DENV-2 reducedAedes aegypti survival and fecundity, clearly affecting vectorial capacity
and consequently transmission intensity.
1. Introduction
The World Health Organization (WHO) estimates that
50 million cases of dengue occur per year, with more than
2.5 billion people living at risk.1 The geographic extension
of dengue is essentially determined by the distribution of
its primary vector, the mosquito Aedes aegypti. This species
is commonly found in high numbers in urban areas, living
close to human dwellings, where females usually breed in
man-made containers.2,3 It is believed that the intensity of
dengue transmission is largely inﬂuenced by the param-
eters governing Ae. aegypti vectorial capacity such as the
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mosquito’s population density, human biting rate, daily
survival rate and the virus’ extrinsic incubation period.4
Understanding the epidemiology of dengue is therefore
difﬁcult without good estimates of these factors and, in
particular, how mosquito–dengue interaction itself inﬂu-
ences epidemiologically relevant parameters. Like other
arboviruses, dengue virus is able to invade the mosquito’s
brain, which may modify its physiology and metabolism,
thereby changing vectorial capacity and the pattern of
disease transmission.5 Under this scenario, estimates of
mortality, longevity and biting rate in dengue infected
Ae. aegypti still need evaluation.4,6 Most mathematical
models assume there is no effect of dengue virus on
these parameters,7 and their effect, if any, is not well
known. For instance, two studies considered the biting
rate of dengue infected Ae. aegypti, but gave conﬂicting
results.Usingmosquitoes fromlong-established laboratory
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colonies, PutnamandScott8 foundnoevidence that dengue
virus serotype 2 (DENV-2) inﬂuences the mosquito’s feed-
ing behavior (i.e. biting rate). On the other hand, Platt
et al.5 observed that the time required for blood-feeding
and the time spent probing is longer in dengue-infected
mosquitoes than in uninfected individuals.
The impact of the dengue virus on Ae. aegypti sur-
vival is almost unknown. It was noted in a previous
study that intrathoracically dengue-infected mosquitoes
survived less than uninfected siblings.9 By exploring avail-
able data on virus-induced mortality on mosquitoes, it
was observed that mosquitoes from the genus Aedes
were not associated with signiﬁcant virus-induced mor-
tality if viruses are vertically transmitted.10 However,
strong vector mortality is often reported when viruses are
transmitted by intrathoracic inoculation or oral infection
induced.10
While traits other than survival and biting rate are less
important for the epidemiology of a vector-borne disease
such as dengue,4,6 they can be relevant for the vector’s
population dynamics and for the evolutionary pressure on
mosquitoes. One crucial aspect for mosquito population
dynamics is age-speciﬁc fecundity. To our knowledge, no
studieshaveestimated the impactofhorizontally transmit-
ted dengue on mosquito fecundity. Joshi et al.9 observed
that vertically dengue infected Ae. aegypti has signiﬁcantly
lower fecundity and egghatching than controls. This is con-
sistent with studies on various interactions of mosquito
and virus genera, in which the vector’s fecundity was
reduced.9,11–13
In this study,wecompared theeffect ofdengue infection
on the mortality, longevity and age-speciﬁc fecundity of a
laboratory-colony and a natural population of Ae. aegypti.
2. Materials and methods
2.1. Mosquitoes
Two Ae. aegypti populations were used. The ﬁeld pop-
ulation was the F1-generation of mosquitoes collected in
Caju, a district of Rio de Janeiro city (RJC), Brazil. In the
2007–2008 dengue epidemic this district had the highest
incidence rate of dengue in RJC (12681/100000 inhabi-
tants); therefore we assumed that its mosquito population
transmits the virus efﬁciently. Ae. aegypti eggs from Caju
were collected using 80 ovitraps ﬁlled with hay infu-
sion in an area of 6.1 hectares. As a laboratory colony,
we used the Paea strain, which is highly susceptible to
oral dengue infections. The colony was initiated with
mosquitoes caught in French Polynesia in 1994. Suppos-
ing two generations per month, the Paea strain has been
maintained in the laboratory for approximately 300–360
generations.14
Larval populations were reared and maintained in iden-
tical laboratory conditions in all assays. Larvae were reared
on ﬁsh food and raised in plastic basins at 25±3 ◦C. After
emergence, adults were maintained at 27±2◦C, 75±5%
relative humidity and nearly 12–12h light-dark photope-
riod in cages of 45 cm3 and allowed to mate. They were
fed ad libitum with cotton soaked with a 10% sucrose
solution up to about 36h beforewe offered aDENV-2 infec-
tious blood-meal to Ae. aegypti females.
2.2. Virus
A C6/36 cell clone of Aedes albopictus (ATCC) was
grown and maintained as monolayers at 28 ◦C on Dul-
becco’s modiﬁed medium (DMEM) buffered with sodium
bicarbonate and supplemented with glutamine, penicillin-
streptomycin and 5% inactivated fetal calf serum (iFCS).
Green monkey kidney (Vero) cell clone (ATCC CCL81) was
grown as monolayers and maintained at 37 ◦C on 199
medium with Earle’s salts buffered with sodium bicarbon-
ate and supplemented with 5% iFCS and gentamicin.
We used DENV-2 strain 16681 that had been provided
by Dr. S. Halstead (Naval Medical Research Center, USA).
Thevirus stockwasobtained fromfourpassages inVero cell
cultures. Culture monolayers were infected with a 10-fold
diluted inoculum without iFCS and incubated at 37 ◦C for
90minutes. After 7 days of infection, supernatant was cen-
trifuged at 400g for 10minutes for cellular debris removal.
The virus stock was stored at −70 ◦C with 30% iFCS. Virus
was titrated by serial dilution cultures in microtiter plates
and detected by immunoﬂuorescence.15,16
2.3. Oral infection of mosquitoes with dengue virus
serotype 2
Four to ﬁve days after emergence, 60 females were put
into small cylindrical plastic cages, with no access to sugar.
About 36h later, they were offered a DENV-2 infectious
blood meal. One ml of supernatant of infected cell cul-
ture was added to 2ml of washed rabbit erythrocytes to
prepare the infectious blood-meal, which was heated to
37 ◦C and provided to the mosquitoes in an artiﬁcial mem-
brane feeding apparatus.17 Mosquitoes were allowed to
feed for 25min on infectious blood that contained a viral
titre of 3.6 x 105 PFU equivalent/ml. The same procedure
and apparatus were used to feed control mosquitoes, but
these received a non-infectious blood meal, with another
1ml of rabbit blood replacing the viral supernatant. We
conducted a total of four infection assays.
2.4. Experimental design
Those females that were visually fully engorged were
isolated in labelled cylindrical plastic tubes (6.5 cm height,
2.5 cm diameter) containing moistened cotton overlaid
with ﬁlter paper as substrate for oviposition on the bot-
tom and closed on the top with mosquito netting. Three
days after the infectious blood meal, the ﬁrst egg clutch
was laid by those engorged females. Later on, once a week,
we offered non-infectious deﬁbrinated rabbit blood with
themembrane feedersdescribedabove tomosquitoes from
the control and experimental groups. Three days after the
blood meal, the ﬁlter papers were checked for eggs, which
were counted, and a new ﬁlter paper was added as ovipo-
sition substrate. Survival was checked daily at 09:00h
and 16:00h. When a dead mosquito was observed, it was
removed from the plastic tube, and bothwing lengthswere
measured as the distance from the axillary incision to the
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apical margin excluding the fringe.18 Finally, samples were
labelled and stored at −70 ◦C for Real-Time quantitative
Reverse Transcription PCR (qRT-PCR) assays.
2.5. Dengue virus serotype 2 quantitative Real-Time
RT-PCR
The concentration of viral RNA in each individual was
estimated with a one-step RT-PCR using the ABI Prism®
7000 Sequence Detection System (SDS; Applied Biosys-
tems, Foster City, CA, USA). Each mosquito was ground
in 100l of Leibovitz medium (L-15) and 33l of foetal
calf serum, and viral RNA was extracted using QIAmp
Viral RNA Kit (Qiagen Sciences, Maryland, MA, USA). The
reaction mixture was prepared using the Taqman® One-
Step RT-PCR Master Mix Kit (Applied Biosystems, Foster
City, CA, USA). Samples were assayed in a 30l reac-
tion mixture containing 8.5l of extracted RNA, 0.63l
of 40×Multiscribe enzyme plus RNAse inhibitor, 12.5l
TaqMan 2×Universal PCR Master Mix and 300nM of each
speciﬁc primer and ﬂuorogenic probe. Primer sequences
(DV3.U: 5′-AGC ACT GAG GGA AGC TGT ACC TCC-3′;DV.L1:
5′-CAT TCC ATT TTC TGG CGT TCT-3′) and probe (DV.P1: 5′-
CTG TCT CCT CAG CAT CAT TCC AGG CA-3′) were obtained
from Houng et al.19 and designed for the 3’ noncoding
sequences (3′NC). The TaqMan probe was labelled at the
5′ end with 5-carboxyﬂuorescein (FAM) reporter dye and
at the 3′ end with 6-carboxy-N,N,N′,N′- tetramethylrho-
damine (TAMRA) quencher ﬂuorophore. The 5′ nuclease
TaqMan assay relies on the 5′ exonuclease activity of the
Taq polymerase to free the reporter dye in the quenched
probe. DENV-2 viral stocks and water were set as positive
and negative controls, respectively, and were included in
every assay. The threshold cycle (Ct) represents the PCR
cycle at which the SDS software ﬁrst detects a noticeable
increase in reporter ﬂuorescence above a baseline signal.
The quantitative Real-Time PCR assays were standard-
ized with a 10-fold-dilution series containing 107 RNA
copies/ml. The number of viral RNA copies detected per
sample was calculated with a standard curve from 10-fold
dilutions of DENV-3 RNA, isolated from a known amount
of local virus propagated in Ae. albopictus C6/36 cells, the
titre of which was determined by plaque assay.20 The same
model of DENV-3 standard curve was applied to build a
DENV-2 curve. Quantitative interpretation of the results
obtained was performed by interpolation from the stan-
dard curve included in each independent run for each
serotypes.
2.6. Statistical analysis
Mosquitoes were analyzed as belonging to three treat-
ments: unexposed controls, which did not feed on DENV-2
infectious blood, and exposed (infected or negative).
Exposed mosquitoes were blood-fed with a DENV-2 infec-
tive blood-meal and were classiﬁed as infected after
qRT-PCR assays. Some of those mosquitoes exposed to
DENV-2werenegative inqRT-PCRassays, even though they
had.blood-fed on an infective blood-meal. Those females
were classiﬁed from now on as ‘exposed, but negative’
mosquitoes.
Aedes aegypti longevity (which was assumed to be the
day each mosquito died) was non-normally distributed,
but the square root of longevity satisﬁed the assumption
of normality (Shapiro-Wilk W=0.9957, P=0.191). We ana-
lyzed the effect of treatment (control, infected or exposed
but negative), mosquito population (Paea or Caju), wing
length and number of RNA copies (in infected specimens)
on mosquito longevity with an ANOVA. We performed a
log-rank test to compareona two-samplebasis the survival
distribution of Ae. aegypti females from control, infected
and exposed but negative treatments. Herein, we deﬁne
survival rate as the number of individuals still alive as a
function of time. In the infected treatment, we also consid-
ered the effect of the number of RNA copies on Ae. aegypti
longevity, testing the hypothesis that higher dengue virus
copies is harmful to mosquitoes. We initiated all analyses
with all possible interactions, and backwards-eliminated
them (starting with the highest interactions) if they had no
effect at P<0.05.
Fecundity was analyzed by considering the ﬁrst ﬁve
clutches of eggs laid, as only a small number of females laid
eggs when they were more than ﬁve weeks old, precluding
adequate numbers for analysis.We analyzed twoaspects of
fecundity. First, we analyzed the likelihood that amosquito
laid at least one egg (at a given clutch) with a logistic anal-
ysis that included treatment, population, wing length and
clutch-number (i.e., age), again backwards-eliminating the
insigniﬁcant interactions. Second, we analyzed the num-
ber of eggs of the successful mosquitoes with a repeated
analysis. We square-root transformed the number of eggs
to satisfy the assumptions of normality. We included
clutch-number as the repeat and estimated the effects
of treatment, wing length and population. All analyses
were carried out with the statistical software JMP 7.0.2
(http://www.jmp.com/).
3. Results
3.1. Oral infection with dengue virus serotype 2
Of the 501 Ae. aegypti females used in this experiment,
297 mosquitoes were exposed to DENV-2 16681; 198 of
these were infected and 99 were negative. Of the 501
mosquitoes, 276belonged toPaea strain and225were from
the ﬁeld population.
3.2. Aedes aegypti longevity
The highest longevities were observed in the control
treatment, inwhich six females livedmore than90days; on
average controls lived longer (42.7 days±23.2 SD) than the
other treatments (infected: 26.3 days±12.1; exposed but
negative:22.1days±12.7) (Figure1).Amongvirusexposed
mosquitoes, infected individuals survived longer than
exposed but negative ones (t = 2.58, df = 494, P=0.0102),
but less than controls (t = 9.414, df = 494, P<0.001). Figure 1
shows that infected mosquitoes had a similar survival rate
to controls up to the 12th day after infection, where-
upon their mortality rate increased. Negative mosquitoes
had a higher mortality rate than controls and infected
mosquitoes during the ﬁrst few days after exposure.
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Figure 1. Survival curves of control, dengue virus serotype 2 infected, and
exposed but negative Aedes aegypti females up to 50 days post-infection.
Mosquitoes from the control treatment were alive up to the 109th day.
Mosquitoes with longer wings survived longer than small
mosquitoes (Table 1). The Caju population survived longer
than mosquitoes from the Paea strain (Table 1).
The survival analysis conﬁrmed the results obtained in
ANOVA. Individuals from the control group presented a
lower mortality rate than infected (2 =86.27, P<0.001)
and exposed but negative mosquitoes (2 =85.02,
P<0.001). Finally, infected mosquitoes survived longer
than exposed but negative (2 =4.22, P<0.041). Consider-
ing two single points in the mortality curves we observed
80.3 and 62.6% of mosquitoes from infected and exposed
but negative group were alive on the 14th day after
infection, when we expect dengue virus has completed
it incubation period on mosquito body. On the 30th day
post-infection, when the majority of mosquitoes have
already died under ﬁeld conditions, 31.3 and 23.2% of
mosquitoes from the infected and from the exposed but
negative treatments were alive.
In the infected treatment, we also considered the effect
of the number of RNA copies on Ae. aegypti longevity.
Mosquitoes from Paea population presented more RNA
copies at death than Caju (95% interval limits for Caju:
4021.7–5658.7; Paea: 5418.3–7645.7), suggesting the Caju
population was more resistant to higher virus titres. In
addition to population (Table 2) and wing length, longevity
Table 1
Analysis of variance of the square root of survival of control, infected and
exposed but negative Aedes aegypti females
Source d.f. Sum of squares F P-value
Treatmenta 2 198.83 44.47 <0.001
Wing sizeb 1 18.96 8.48 0.0037
Populationc 1 44.09 19.72 <0.001
Error 494 1104.32
a Unexposed controls, which did not feed on dengue virus serotype 2
(DENV-2) blood, infected, which were positive in quantitative Reverse
Transcription PCR (qRT-PCR) and exposed but negative, which fed on
DENV-s infectious blood but were negative in qRT-PCR.
b Distance from the axillary incision to the apical margin excluding the
fringe.
c If insects came from a ﬁeld or a lab colony, which has approximately 360
generations in conﬁnement.
Table 2
Analysis of variance of the square root of survival of DENV-2 infected
mosquitoes
Source d.f. Sum of
squares
F P-value
Populationa 1 20.78 16.44 <0.001
Wing sizeb 1 6.55 5.18 0.0239
RNA copiesc 1 1.46 1.15 0.2831
RNA copies andd Population 1 4.97 3.93 0.0486
Error 191 241.33
a If insects came from a ﬁeld or a lab colony, which has approximately 360
generations in conﬁnement.
b Wing size: the distance from the axillary incision to the apical margin
excluding the fringe.
c Number of RNA copies at death determined by quantitative Reverse
Transcription PCR assays.
d Interaction between sources.
was affected by the interaction between RNA copies and
population (Table 2; Figure 2). In the Paea population,
survival was independent of the number of RNA copies,
whereas in the Caju population, longevity decreased with
the number of RNA copies (Figure 2), suggesting that
mosquitoes from Caju were less tolerant to infection.
3.3. Aedes aegypti fecundity
The ﬁrst part of our analysis of fecundity considered
whether females laid eggs (Table3). Fieldmosquitoes (from
Caju) were more likely than the Paea colony to lay eggs
Figure 2. Inﬂuence of wing length (A) and RNA copies (B) on the survival
of Aedes aegypti females.
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Table 3
Logistic regression analysis of the inﬂuence of mosquito treatment, popu-
lation, age when they lay eggs and wing size on the success of oviposition
Source d.f. 2 P-value
Treatmenta 2 0.940 0.625
Populationb 1 30.512 0.0001
Agec 1 50.626 <0.0001
Wing sized 1 0.887 0.346
Treatment ande Wing size 2 0.448 0.799
Treatment ande Age 2 2.239 0.326
Wing size ande Age 1 0.014 0.906
Treatment ande Wing size ande Age 2 4.785 0.091
a Unexposed controls, which did not feed on dengue virus serotype 2
blood; infected, which were positive in quantitative Reverse Transcrip-
tion (qRT)-PCR; and exposedbut negative,which fed onDENV-s infectious
blood but were negative in qRT-PCR;
b If insects came from a ﬁeld or a lab colony, which has approximately 360
generations in conﬁnement.
c Number of days mosquito survived.
d Distance from the axillary incision to the apical margin excluding the
fringe
e Interaction between sources.
(90% of Caju, 82% of Paea laid eggs). Egg-laying success
was strongly affected by mosquito age, decreasing with
female age from 95% success at the ﬁrst clutch to 75% at
the ﬁfth clutch. There was an interaction between treat-
ment,wing size and age,with oviposition success dropping
more rapidly with age in exposed (infected and negative)
mosquitoes than in controls, but only if they were small
(Table 3, Figure 3).
The second part of the analysis considered the num-
ber of eggs of females that laid at least one egg (Table 4).
The number of eggs of ovipositing Ae. aegypti females from
the three treatments decreased more than two-fold with
time, from a mean of 49.28 in the ﬁrst clutch to 20.7 in the
ﬁfth (Figure 3). The decrease of fecundity was more evi-
dent for infected and for exposed but negative mosquitoes
than for unexposed controls (Figure 3). They laid similar
numbers of eggs as the control in the ﬁrst and second
clutch, but laid fewer eggs in the later clutches (although
in the ﬁfth clutch the fecundity of the exposed but negative
mosquitoes increased to a value similar to the controls).
4. Discussion
We showed that infection of Ae. aegypti females with
DENV-2 considerably decreases mosquito longevity and
fecundity, parameters that directly or indirectly (via
modiﬁcations of vector population density) inﬂuence the
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Figure 3. Aedes aegypti clutch size during the ﬁrst ﬁve weeks of mosquito
lifespan.
intensity of dengue transmission. According to dengue
transmission models,6 the mosquito’s survival and biting
rates and the virus’s extrinsic incubation period (EIP)
greatly affect its vectorial capacity and thus the strength
of disease transmission.4,6,21 While the survivorship of Ae.
aegypti females has been estimated under several ﬁeld
scenarios (socioeconomic status, rural or urban, crowded
or low-density neighborhoods, wet vs dry season),22–25
little is known about the Ae. Aegypti–dengue virus inter-
actions. The observed negative effect on the ﬁtness of
dengue-infected Ae. aegypti is consistent with Lambrechts
and Scott,10 who observed that horizontally transmitted
arboviruses generally induce signiﬁcant ﬁtness costs in
mosquitoes.
Survival curves showed an intriguing result. During the
ﬁrst few days, the exposed but negative mosquitoes had
the highest mortality rate, while infected mosquitoes died
at a similar rate to the controls. After the ﬁrst few days, the
survival rates of the three treatments were similar. How-
ever, at 12–15 days after infection, exposed individuals
(whether infected or exposed but negative) had increased
mortality rates, while the controls continued to present
a low mortality rate up to the end of the experiment.
The reason for the initial mortality of exposed but negative
mosquitoes is unknown, but we might speculate that the
immune response is activated shortly after infection. If the
immune response is strong enough, it could clear the virus,
but it would also carry costs and might therefore increase
Table 4
Repeated analysis (with clutch taken as the repeat) of the square root of the number of eggs laid by Aedes aegypti. Interactions (apart from with Clutch)
were insigniﬁcant, so are not shown
Source Numerator d.f. Denominator d.f. F P
Clutcha andb Treatmentc 8 170 2.475 0.0146
Clutcha andb Wing sized 4 85 2.933 0.0253
Clutcha andb Populatione 4 85 0.850 0.4975
a Number of eggs laid per gonotrophic cycle per female.
b Interaction between sources.
c Unexposed controls, which did not feed on dengue virus serotype 2 blood (DENV-2); infected, which were positive in quantitative Reverse Transcription
(qRT)-PCR; and exposed but negative, which fed on DENV-s infectious blood but were negative in qRT-PCR.
d Distance from the axillary incision to the apical margin excluding the fringe.
e If insects came from a ﬁeld or a lab colony, which has approximately 360 generations in conﬁnement.
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vector mortality,26 thus leading to the surprising result
that exposed but negative mosquitoes are more likely to
die than infected ones. The cellular and humoral immunity
responses of Ae. aegypti mosquitoes to arboviruses such as
DENV have only just recently begun to be examined.27 The
presence of midgut infection barriers seems to be the most
efﬁcient way mosquitoes can avoid virus dissemination.28
Recent evidencehas shown that RNA intereference, amajor
component of the mosquito innate immune response, may
modulate infection by producing molecules to inhibit virus
replication.28–30 Up to now, there is no evidence that Ae.
aegypti mosquitoes have a ﬁtness cost due to mount-
ing an immune response to dengue virus. Thus, we must
recognize that with our data we are not able to conﬁrm
if negative individuals are free of virus due to an immune
response that eliminated the pathogen or if virus titre was
too low or even absent to be quantiﬁed in qRT-PCR assays.
The impact of dengue virus infection on Ae. aegypti
fecundity has been little explored. A single paper observed
that fertility and fecundity in vertically infected batches
were lower than in control individuals.9 Despite the dif-
ferences regarding the mode of dengue infection, data
in Joshi et al9 were not gathered and analyzed for indi-
vidual females as in our experiment, making any direct
comparisons difﬁcult. Our results considered horizontally
infected mosquitoes and showed that the effect of the
virus on fecundity varies over the mosquito’s life. In the
ﬁrst two clutches, exposed and control mosquitoes laid
similar numbers of egg. From the third clutch onwards,
infected females had lower fecundity than the control
treatment. Females laid the eggs of their second and third
clutch around 11 and 18 days after infection. This is con-
sistent with the observation that around 15 days after
infection, several mosquito tissues such as midgut, ner-
vous system and salivary glands are severely infected by
dengue virus.31 In contrast to the data on survival, egg lay-
ing in infected and in exposed but negative mosquitoes
was affected similarly by the virus. Parasite-induced fecun-
dity reduction in other vector/parasite interactions has
already been observed, but not for Ae. Aegypti–dengue
virus system.32 For instance, parasite-induced fecun-
dity reduction was observed in Leishmania-infected
sandﬂies,33 Diroﬁlaria-infected Ae. trivittatus mosquitoes34
and Onchocerca-infected blackﬂies.35
Some of our conclusions must be carefully interpreted
due to the experimental design we have chosen. For
example, Ae. aegypti feeds almost exclusively on human
blood, taking a blood meal about every day, and rarely
feeds on sugar.36,37 Aedes aegypti diet, i.e., frequency and
availability of sugar and blood, has a major impact on
mosquito survival and reproduction. For instance, females
that feed more frequently on blood have higher fecundity,
whereas those that feed more frequently on sugar have
higher longevity.38 The use of an artiﬁcial membrane
feeding apparatus with rabbit blood meals once a week
supplementedwith sugar ad libitummighthave inﬂuenced
partitioning of energy and thus mosquito survival and
reproduction. The use of human blood was discouraged
due to ethical aspects and the blood feeding was done just
once a week due to technical limitations. However, since
all treatments were maintained under the same conditions
we suggest that the differences observed in survival and
fecundity between treatments were induced by infection
rather than by diet after infection. Another potential
source of bias may be the use of a dengue virus that does
not coexist in the same geographical area in nature with
the infected mosquito population. Recently, Lambrechts
et al.39 showed that vector competence for Ae. aegypti is
largely governed by the interactiojns between the vector’s
and the virus’s genotypes in natural populations. Thus,
although our work focused on mosquito survival and
fecundity rather than competence, the absence of previous
local adaptation between Ae. aegypti from Paea and Caju
strains andDENV-216681maybeapotential sourceofbias.
In the Ae. aegypti-DENV-2 association, infection with
virus produced a signiﬁcant deleterious impact on
mosquito ﬁtness, negatively affecting mosquito survival
and fecundity, important traits of vector biology and
components of disease transmission. Our study is the
ﬁrst quantitative evaluation of Ae. aegypti survivorship,
longevity and fecundity in DENV-2 infected mosquitoes.
Data gathered here may be seen as a preliminary attempt
to develop more reﬁned and precise dengue transmission
models, since current models are based on biology of non-
infected individuals.6 Increasing the predictive accuracy of
these mathematical models can help in the provision of
public health resources where they will be needed most.
Taken together, we have: (1) observed that infected
mosquitoes survived for a signiﬁcantly shorter time and
have lower longevity than unexposed individuals, (2)
hypothesized that some infectedmosquitoesmight be able
to elicit an effective immune response to dengue virus,
with a cost that could also increase mosquito mortality, (3)
observed that the genetic background of mosquito popu-
lations affects vector tolerance and resistance to dengue
virus, (4) veriﬁed that mosquitoes were more likely to
lay eggs and that egg-laying success was strongly affected
by mosquito age for both populations, (5) observed that
the number of eggs laid by Ae. aegypti females decreased
more than two-foldwith age and (6) observed that infected
females had a lower fecundity than controls, but only from
the third clutch onwards.
Authors’ contribution: RMFandRLOdesigned the experi-
ment; RMF conducted experiments; JCK and RMF analyzed
data, RMF, JCK and RLO interpreted data and wrote the
manuscript. RMF and RLO are guarantors of the paper.
Acknowledgments: We thank Michael Reiskind and
Tamara Lima-Camara for their valuable suggestions.
Funding: CAPES for the studentship (PDEE 0716/09-0)
that allowed RMF to visit JCK’s lab in UK and Pronex – Rede
Dengue/CNPq/FAPERJ.
Conﬂicts of interest: None declared.
Ethical approval: Not required.
6
References
1. Nathan MB, Dayal-Drager R. Recent epidemiological trends, the
global strategy and public health advances in dengue. In: WHO. Sci-
entiﬁc Working Group – Report on dengue. Geneva: World Health
Organization; 2007, p. 30–4.
2. Braks MAH, Honorio NA, Lourenc¸o-de-Oliveira R, Juliano SA, Louni-
bos LP. Convergent habitat segregation of Aedes aegypti and Aedes
albopictus (Diptera: Culicidae) in southeastern Brazil and Florida.
J Med Entomol 2003;40:785–94.
3. Vezzani D, Carbajo A. Aedes aegypti, Aedes albopictus, and dengue
in Argentina: current knowledge and future directions. Mem Inst
Oswaldo Cruz 2008;103:66–74.
4. Kuno G. Review of the factors modulating dengue transmission. Epi-
demiol Rev 1995;17:321–35.
5. Platt KB, Linthicum KJ, Myint KSA, Innis BL, Lerdthusnee K, Vaughn
DW. Impact of dengue virus infection on feeding behavior of Aedes
aegypti. Am J Trop Med Hyg 1997;57:119–25.
6. Luz PM, Codec¸o CT, Massad E, Struchiner CJ. Uncertainties regard-
ing dengue modeling in Rio de Janeiro. Mem Inst Oswaldo Cruz
2003;87:871–8.
7. Anderson RM, May RM. Infectious diseases of humans: dynamics and
control. Oxford: University Press; 1991.
8. Putnam JL, Scott TW. Blood-feeding behavior of dengue-2 virus-
infected Aedes aegypti. Am J Trop Med Hyg 1995;52:225–7.
9. Joshi V, Mourya DT, Sharma RC. Persistence of dengue-3 virus
through transovarial transmission passage in successive generations
of Aedes aegypti mosquitoes. Am J Trop Med Hyg 2002;67:158–61.
10. Lambrechts L, Scott TW. Mode of transmission and the evolu-
tion of arbovirus virulence in mosquito vectors. Proc R Soc B
2009;276:1369–78.
11. Scott TW,LorenzLH.ReductionofCulisetamelanuraﬁtnessbyeastern
equine encephalomyelitis virus. Am J Trop Med Hyg 1998;59:341–6.
12. Mahmood F, Reisen WK, Chiles RE, Fang Y. Western equine
encephalomyelitis virus infection affects the life table characteristics
of Culex tarsalis (Diptera: Culicidae). J Med Entomol 2004;41:982–6.
13. Styer LM, Meola MA, Kramer LD. West Nile virus infection decreases
fecundity of Culex tarsalis females. J Med Entomol 2007;44:1074–85.
14. Vazeille-Falcoz M, Mousson L, Rodhain F, Chungue E, Failloux AB.
Variation in oral susceptibility to dengue type 2 virus of popula-
tions of Aedes aegypti from the islands of Tahiti and Moorea, French
Polynesia. Am J Trop Med Hyg 1999;60:292–9.
15. Schoepp RJ, Beaty BJ. Titration of dengue viruses by immunoﬂuores-
cence in microtiter plates. J Clin Microbiol 1984;20:1017–9.
16. MiagostovichMP, Nogueira RM, Cavalcanti SM,Marzochi KB, Schatz-
mayr HG. Dengue epidemic in the state of Rio de Janeiro, Brazil:
virological and epidemiological aspects. Rev Ins Med Trop São Paulo
1993;35:149–54.
17. Rutledge LC, Ward RA, Gould DJ. Studies on the feeding response of
mosquitoes to nutritive solutions in a new membrane feeder. Mosq
News 1964;24:407–19.
18. Harbach RE, Knight KL. Taxonomist’s glossary of mosquito anatomy.
Marlton, NJ: Plexus Publications Co; 2002.
19. Houng HSH, Chung-Ming, Chen R, Vaughn DW, Kanesa-Thasan
N. Development of a ﬂuorogenic RT-PCR system for quantita-
tive identiﬁcation of dengue virus serotypes 1-4 using conserved
and serotype-speciﬁc 3’ noncoding sequences. J Virol Methods
2001;95:19–32.
20. Nogueira RMR, Schatzmayr HG, Filippis AMB, dos Santos FB, Cunha
RV, Coelho JO, et al. Dengue vírus type 3, Brazil, 2002. Emerg Infect
Dis 2005;11:1376–81.
21. Focks DA, Daniels E, Haile DG, Keesling JE. A simulation model of
the epidemiology of urban dengue fever: literature analysis, model
development, preliminary validation, and samples of simulation
results. Am J Trop Med Hyg 1995;53:489–506.
22. McDonald PT. Population characteristics of domestic Aedes aegypti
(Diptera: Culicidae) in villages on theKenya coast. II. Dispersalwithin
and between villages. J Med Entomol 1977;14:49–53.
23. Muir LE, Kay BH. Aedes aegypti survival and dispersal estimated by
mark-release-recapture in northern Australia. Am J Trop Med Hyg
1998;58:277–82.
24. David MR, Lourenc¸o-de-Oliveira R, Maciel-de-Freitas R. Container
productivity, daily survival rates and dispersal of Aedes aegypti
females in a high income dengue epidemic neighborhood of Rio
de Janeiro: presumed inﬂuence of differential urban structure on
mosquito biology. Mem Inst Oswaldo Cruz 2009;104:927–32.
25. Maciel-de-Freitas R, Codec¸o CT, Lourenc¸o-de-Oliveira R. Daily sur-
vival rates and dispersal of Aedes aegypti females in Rio de Janeiro,
Brazil. Am J Trop Med Hyg 2007;76:659–65.
26. Schmid-Hempel P. Evolutionary ecology of insect immune defenses.
Annu Rev Entomol 2005;50:529–51.
27. SparksWO, Bartholomay LC, Bonning BC. Insect immunity to viruses.
In: Beckage NE, editor. Insect immunology. Oxford: Elsevier; 2008.
p. 209–42.
28. Black 4th WC, Bennett KE, Gorrochótegui-Escalante N, Barillas-Mury
CV, Fernández-Salas I, de Lourdes Mun˜oz M, et al. Flavivirus suscep-
tibility in Aedes aegypti. Arch Med Res 2002;33:379–88.
29. Sánchez-Vargas I, Travanty EA, Keene KM, Franz AW, Beaty BJ,
Blair CD, et al. RNA interference, arthropod-borne viruses, and
mosquitoes. Virus Res 2002;102:65–74.
30. Sánchez-Vargas I, Scott JC, Poole-Smith BK, Franz AWE, Barbosa-
Solomieu V, Wilusz J, et al. Dengue virus type 2 infections of Aedes
aegypti are modulated by the mosquito’s RNA interference pathway.
PLoS Pathog 2009;5:e1000299.
31. Salazar MS, Richardson RH, Sánchez-Vargas I, Olson KE, Beaty BJ.
Dengue virus type2: replication and tropisms in orally infectedAedes
aegypti mosquitoes. BMC Microbiology 2007;7:9.
32. Hurd H. Manipulation of medical important insect vectors by their
parasite. Annu Rev Entomol 2003;48:141–61.
33. El Sawaf BM, El Sattar SA, Shehata MG, Lane RP, Morsy TA. Reduced
longevity and fecundity in Leishmania infected sandﬂies. Am J Trop
Med Hyg 1994;51:767–70.
34. Christensen BM. Effect of Diroﬁlaria immitis on the fecundity of Aedes
trivittatus. Mosq News 1981;41:78–81.
35. Renshaw M, Hurd H. The effect of Onchocerca infection on the
reproductive physiology of the British blackﬂy, Simulium ornatum.
Parasitology 1994;109:337–45.
36. Edman JD, D, Kittayapong P, Scott TW. FemaleAedes aegypti (Diptera:
Culicidae) in Thailand rarely feed on sugar. J Med Entomol 1992,
29:1035–8.
37. Scott TW, Naksathit A, Day JP, Kittayapong P, Edman JD. A ﬁt-
ness advantage for Aedes aegypti and the virus it transmits when
females fed only on human blood. Am J Trop Med Hyg 1997;57:
235–9.
38. Day JF, Edman JD, Scott TW. Reproductive ﬁtness and survivor-
ship of Aedes aegypti (Diptera: Culicidae) maintained on blood,
with ﬁeld observations from Thailand. J Med Entomol 1994;31:
611–7.
39. Lambrechts L, Chevillon C, Albright RG, Thaisomboonsuk B, Richard-
son JH, Jarman RG, et al. Genetic speciﬁcity and potential for local
adaptation between dengue viruses and mosquito vectors. BMC Evol
Biol 2009;9:160.
7
